The DLX gene family is a family of divergent homeobox genes which are related to the Drosophila distal-less (Dll) gene and has been reported to be expressed primarily in the forebrain and craniofacial structures. We have previously identified a new member of this family, DLX-7. We now report that this gene is expressed in normal hematopoietic cells and leukemia cell lines with erythroid characteristics. We used an antisense oligonucleotide targeted against the translation start site of DLX-7 mRNA to inhibit its expression in a human erythroleukemia cell line K562, which expresses DLX-7 at a high level. The antisense oligonucleotide efficiently reduced the DLX-7 mRNA, while control oligonucleotides, including a mutant oligonucleotide identical to the antisense sequence except for four nucleotide mismatches, had no effect on DLX-7 mRNA level. Inhibition of DLX-7 expression decreased the plating efficiency by Ϸ70% compared with control. The antisense treatment caused apoptosis, as shown by the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-digoxigenin nick end labeling (TUNEL) method. Downregulation of DLX-7 expression by antisense treatment was associated with a reduction in GATA-1 and c-myc mRNA levels. Thus, we conclude that DLX-7 is expressed in hematopoietic cells and that the inhibition of its expression results in the decreased levels of GATA-1 and c-myc genes, with an accompanying induction of apoptosis.
The homeobox gene family encodes for a group of transcription factors characterized by a highly conserved 60-amino acid DNA binding motif (1, 2) . The homeobox genes, located outside the four HOX clusters, are designated ''divergent'' homeobox genes. Some divergent homeobox genes have implicated in leukemogenesis. In acute lymphoblastic leukemia with t(1;19) translocation, a fusion protein created between the transcription factor E2A gene and a homeobox gene PBX (3, 4) . In common childhood T cell acute leukemia with t(10;14) translocation, Hox-11 is transcriptionally activated (5, 6) . TRX, also called MLL, located at 11q23 is rearranged in some biphenotypic leukemias (7) .
DLX genes constitute a subfamily of divergent homeobox genes related to the Drosophila distal-less (Dll) gene (8) (9) (10) . Six members in this family are found in the mouse and human genome, designated DLX-1, -2, -3, -5, -6, and -7 (9) (10) (11) (12) (13) (14) . These genes are expressed in the forebrain, craniofacial, and limb structures (12) (13) (14) (15) (16) (17) (18) (19) . We have recently described the identification of DLX-7, a new member of this family and have mapped it to human chromosome 17q23 near DLX-3 (14) .
Antisense oligonucleotides have been employed as a powerful tool to modify gene expression (20, 21) . This approach to the study of specific gene function has been successfully used to study c-myb (22) , c-myc (23) and some homeobox genes such as HOXC6 (24) and HOXB7 (25) in hematopoietic progenitor assays.
In this report, we demonstrate that DLX-7 is expressed in normal bone marrow (BM) cells and at a particularly high levels in cell lines with the erythroid phenotype. Inhibition of DLX-7 gene expression by an antisense oligonucleotide directed against DLX-7 in K562 cells reduced the plating efficiency and induced apoptosis. The antisense treatment was accompanied by a reduction in GATA-1 and c-myc mRNA levels. These results suggest that the function of the DLX-7 gene may be to regulate events important in hematopoietic cell survival and͞or proliferation.
MATERIALS AND METHODS
Cells and Cell Lines. K562 and HEL cells were obtained from the American Type Culture Collection and maintained in RPMI 1640 culture medium supplemented with 10% fetal calf serum. For antisense experiments, K562 cells were grown in QBSF-58 serum free medium (Quality Biological, Gaithersburg, MD). Differentiation experiments using chemical inducers were performed by culturing cells in the presence of 1 ϫ 10 Ϫ7 M phorbol 12-O-tetradecanoyl phorbol-13-acetate (Sigma) (26, 27) or 4 ϫ 10 Ϫ6 M hemin (Sigma) (28, 29) . Normal BM and peripheral blood (PB) samples were obtained from healthy volunteers or as discarded materials after consent. The mononuclear cells were purified by the Ficoll͞Hypaque density gradient method from heparinized PB and BM aspirates.
Oligonucleotides Treatment. Phosphodiester oligonucleotides were used (Oligos Etc., Wilsonville, OR). Tests were initially performed to assess the toxicity of the oligonucleotides in culture. No obvious toxic effects were observed in K562 cells up to a concentration of 80 M. The oligonucleotide sequences used here were as follows: DLX-7-antisense, GACGGA-CAGTTTCATAAG; DLX-7-sense, CTTATGAAACTGTC-CGTC; mutant-antisense, GACTGAAAGTGTCATACG (underlined bases indicate differences compared with the antisense sequence).
For oligonucleotide treatment, K562 cells were treated with streptolysin O essentially according to Spiller and Tidd (30) with some modifications. Cells (5 ϫ 10 5 ) were washed in permeabilization buffer (137 mM NaCl͞Pipes, pH 7.4͞5.6 mM glucose͞2.7 mM KCl͞2.7 mM EGTA͞1 mM Na-ATP͞0.1% bovine serum albumin), and resuspended in 0.5 units͞ml of streptolysin O (Sigma) in permeabilization buffer, preacti-vated with 5 mM dithiothreitol for 2 h, containing 20 M oligonucleotide. After 20-min incubation at 37ЊC, 5 ml of QBSF-58 serum-free medium was added to stop the permeabilization reaction.
Clonogenic Assay. The clonogenic assay for K562 cells were performed as described (31) . Briefly, 500 cells were treated with oligonucleotides and plated in quadruplicate in a culture medium consisting of Iscove's medium supplemented with 30% fetal bovine serum, 1% bovine serum albumin, 10 Ϫ4 M 2-mercaptoethanol, 2 mM L-glutamine, and 0.8% methylcellulose (Stem Cell Technologies, Vancouver, BC, Canada). The colonies (Ͼ50 cells) were scored after 7 days of incubation at 37ЊC in 5% CO 2 .
Reverse Transcriptase-PCR (RT-PCR). Expression of DLX-7 gene and other genes was determined by RT-PCR (32) . Total RNA was extracted using the acid guanidium thiocyanate-phenol-chloroform method (33) . For oligonucleotide treated cells, the RNA extraction was performed 3 h after termination of the oligonucleotide treatment, using 10 g of glycogen as a carrier. One microgram of total RNA was reverse transcribed using 1 g of oligo(dT) and 200 units of murine leukemia virus reverse transcriptase (BRL͞GIBCO) under recommended conditions. One-tenth of this cDNA was used as the template in a PCR using the following upstream and The amplification conditions were denaturation at 94ЊC for 30 sec, annealing for 30 sec at 50ЊC for DLX-7, at 55ЊC for HPRT, c-myb, and ␥-globin, at 58ЊC for GATA-1, at 60ЊC for SCL, c-myc, c-abl, bcl-2 and bcl-x L , and at 63ЊC for GATA-2, and extension at 72ЊC for 1 min for 25 cycles for DLX-7 and 20 cycles for other genes. Solution hybridization using 10% of the PCR product was performed in a thermal cycler with the oligonucleotide probe 5Ј-end labeled with [␥- 32 
RESULTS

DLX-7 mRNA Expression in Normal and Leukemic Hematopoietic Cells.
In a preliminary study, we used RT-PCR to survey the expression of DLX-7 gene in 50 leukemia cell lines and found that K562 erythroleukemia cell line expresses DLX-7 at a high level. The expression was confirmed by Northern blot analysis, which indicated a major transcript at 2.3 kb and a minor transcript at a 7.3 kb in K562 cells. Two additional nonhematopoietic cell lines, SW480 (colon adenocarcinoma) and A549 (lung adenocarcinoma), also expressed the DLX-7 gene (Fig. 1) .
To determine whether DLX-7 gene is associated with the erythroid phenotype, we also examined HEL cells, which can be induced to undergo erythroid maturation when cultured in hemin (29) . As indicated in Fig. 2A , the hemin treatment resulted in an increase in the DLX-7 mRNA to a level equivalent to K562 cells. DLX-7 is also expressed at detectable levels not only in BM cells but also PB mononuclear cells, indicating that the expression of this gene is not specific to leukemia cells (Fig. 2B) .
Inhibition of DLX-7 mRNA Expression Level by an Antisense Oligonucleotide. Antisense oligonucleotides inhibit gene expression by binding to its complementary site on the mRNA, resulting in an RNase H-mediated mRNA degradation (46) . We tested the activity of several antisense oligonucleotides and selected one that was the most effective in reducing DLX-7 mRNA (Fig. 3A) . The specificity of the antisense oligonucleotide effect was demonstrated by the lack of any effect of sense and mutant oligonucleotides (Fig. 3B) . A negative control, HPRT gene, was not affected by antisense treatment.
Decreased DLX-7 Expression Results in Reduced Plating Efficiency. To investigate whether DLX-7 is required for K562 cell growth, we determined the plating efficiency of K562 cells treated with oligonucleotides. The DLX-7 antisense treatment at 20 M suppressed the plating efficiency by Ϸ60%, while negative control oligonucleotides had no effect (Fig. 4A) . Furthermore, the inhibitory effect of the DLX-7 antisense oligonucleotide was dose-dependent, ranging from 30% inhibition at 5 M to 70% inhibition at 40 M (Fig. 4B) .
Reduced DLX-7 Expression Results in Apoptosis. To determine whether the reduced plating efficiency is due to induction of apoptosis, K562 cells treated with antisense oligonucleotides were stained by the TUNEL method to detect in situ endonucleolytic cleavage characteristic of apoptosis. There was no detectable apoptosis at 3 h (data not shown), but after 24 h of exposure of oligonucleotides, significant apoptosis was detected in antisense-treated K562 cells compared with control cultures (Fig. 5) . Thus, the reduced plating efficiency of K562 cells by DLX-7 antisense treatment is likely to be due to induction of apoptosis.
Analysis of Gene Regulation by DLX-7. Because homeobox genes are likely to control the expression of other genes, we surveyed the expression of several genes known to be important in hematopoiesis, cell proliferation, or apoptosis. Three hours after the DLX-7 antisense treatment, K562 cells had decreased levels of GATA-1 and c-myc mRNA compared with various negative controls (Fig. 6) . In contrast, GATA-2, SCL, c-myb, ␥-globin, c-abl, bcl-2, and bcl-x L mRNA were unchanged (Fig. 6 ). We have not been able to locate any homology between the antisense oligonucleotide sequence and either GATA-1 or c-myc cDNA sequence, indicating that the effect of the antisense oligonucleotide is likely to be secondary to the effect on DLX-7 expression.
DISCUSSION
Dlx genes such as Dlx-1, -2, -5, and -6 have previously been reported to be expressed primarily in the brain and craniofacial structures (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . We have found that DLX-7 is expressed at high levels in cell lines with erythroid characteristics such as K562 and HEL, as well as at low levels in normal BM cells. Hemin-induced erythroid differentiation of HEL cells resulted in an increase in DLX-7 mRNA levels after 24 h of exposure to hemin. We have also found that other members of the DLX gene family are expressed in hematopoietic cells (K.T., unpublished data).
We took advantage of its expression in well studied leukemia cell lines to study the possible function of DLX-7. Several authors have overexpressed homeobox genes to investigate their role in hematopoiesis (29, 30, 47, 48) . The inhibition of gene expression by antisense oligonucleotides has also shown to be useful in elucidating homeobox gene function (24, 25) . In this study, we have used an antisense oligonucleotide directed against DLX-7.
The antisense oligonucleotide treatment reduced GATA-1 and c-myc mRNAs at 3 h after the treatment, at a time when no apoptosis is detectable by the TUNEL assay. Apoptosis is seen at 12 h after antisense treatment and is accompanied by a reduction in the plating efficiency. The apoptosis might be mediated directly by DLX-7 or through downstream genes. At least one homeobox gene has been shown to prevent apoptosis (49) . Since induction of cell death is preceded by down regulation of c-myc and GATA-1, down-regulation of one or both of these genes may be sufficient to account for the observed apoptosis (50) (51) (52) . c-myc is well known to be involved in cellular decisions regarding apoptosis or proliferation (53) (54) (55) , and decreasing the c-myc expression is known to cause apoptosis in leukemia cells (51, 52) . GATA-1 has also recently been shown to control apoptosis. GATA-1 deficient embryonic stem cells undergo apoptosis at the proerythroblast stage (52) and overexpression of GATA-1 prevents estrogen-induced apoptosis (56) . Therefore, apoptosis induced by DLX-7 gene inhibition might be due to inhibition of GATA-1 and͞or c-myc gene expression, and the role of DLX-7 gene might simply be to maintain expression of GATA-1 and c-myc.
The relationship between the c-myc and GATA-1 gene expression and DLX-7 gene expression may either be direct or indirect. Homeobox-containing proteins are known to act at both transcriptional and posttranscriptional levels (57) . Preliminary evidence suggests that the loss of GATA-1 mRNA in antisense-treated cells is due to increased mRNA instability (T.S., unpublished data). On the other hand, c-myc mRNA has a short half-life (58), which is not altered in antisense oligonucleotide treated K562 cells (T.S., unpublished data), suggesting that the loss of c-myc mRNA occurs at the transcriptional level.
Because DLX-7 is expressed at high levels in erythroleukemia cell lines, mediated by hemin in the case of HEL cells, and at low levels in the normal BM, it is tempting to speculate that the DLX-7 gene may be involved in some aspect of erythropoiesis, possibly in the regulation of apoptosis that occurs during normal erythropoiesis (59) . Further studies are needed to address the function of DLX-7 and other DLX genes in normal hematopoiesis and to determine whether other DLX genes play a similar role in hematopoietic cells. 
